SUMMARY Echocardiographic measurements of the left ventricular dimensions and wall thicknesses at end diastole and end systole, aortic root and left atrial dimensions, mitral valve E-F slope, left ventricular ejection fraction, percent fractional shortening of the left ventricular internal dimension, estimated left ventricular mass and percentage systolic thickening of the ventricular septum and left ventricular free wall were obtained in 105 normal subjects ranging from one day to 23 years of age. Each parameter was found to follow a linear regression upon one of three functions of the body surface area. The internal dimensions of the left ventricle, the left atrium, and the ECHOCARDIOGRAPHY IS BEING USED ROU-TINELY to evaluate infants, children, and young adults with suspected heart disease.' In order to detect changes in the structure and function of the heart produced by disease, it is important to determine accurately the effect of normal growth and development on echocardiographic measurements of chamber size, thickness, and function. Previous studies have reported growth-related changes in echocardiographic measurements as a function of either the body surface area5' 6 or the weight of the individual.7 During a recent echocardiographic evaluation of chronicallytransfused children with fl-thalassemia,' we obtained data from normal children for comparison with the data obtained in the children with thalassemia. Because some of the data in our normal children differed with previously published data, we decided to expand our study of normal individuals and determine our own normal values for several echocardiographic parameters. The present paper contains the results of this study of normal infants, children, and young adults. Analysis of these normal data indicates that the dimensions of various cardiac structures appear to follow a linear regression upon one of three functions (linear, square root, or cube root) of the body surface area.
ECHOCARDIOGRAPHY IS BEING USED ROU-TINELY to evaluate infants, children, and young adults with suspected heart disease.' In order to detect changes in the structure and function of the heart produced by disease, it is important to determine accurately the effect of normal growth and development on echocardiographic measurements of chamber size, thickness, and function. Previous studies have reported growth-related changes in echocardiographic measurements as a function of either the body surface area5' 6 or the weight of the individual.7 During a recent echocardiographic evaluation of chronicallytransfused children with fl-thalassemia,' we obtained data from normal children for comparison with the data obtained in the children with thalassemia. Because some of the data in our normal children differed with previously published data, we decided to expand our study of normal individuals and determine our own normal values for several echocardiographic parameters. The present paper contains the results of this study of normal infants, children, and young adults. Analysis of these normal data indicates that the dimensions of various cardiac structures appear to follow a linear regression upon one of three functions (linear, square root, or cube root) of the body surface area.
Methods and Material Study Population
Normal subjects ranged in age from one day to 23 years of age. Fifty-two were male and 53 female. These subjects consisted of 93 Caucasians, 9 blacks, and 3 Orientals. Thirteen of the 105 subjects were newborn infants who ranged from 16 to 118 hours of age (mean 67 hours) and from 2.5 to 4.0 aortic root, and the mitral valve E-F slope varied in a linear relation to the cube root of the body surface area. Thickness of the ventricular septum and left ventricular free wall varied in a linear relation to the square root of the body surface area. Estimated left ventricular mass varied linearly with the direct measurement of body surface area. Ejection fraction, percent fractional shortening of the left ventricle and percent systolic thickening of the ventricular septum and left ventricular free wall were independent of body surface area despite a marked increase in the size of the left ventricle during normal growth and development. kg (mean 3.4 kg) in weight. Questioning of the individual or the parent failed to reveal any evidence of cardiac or systemic disease symptoms and physical examination of each subject was normal. Twelve lead electrocardiograms were available in 87 individuals and were normal in each instance. Height, weight and age were available for each subject and cuff blood pressure measurements were obtained and found to be normal in 70. Body surface area was estimated using the Boothby and Sandiford modification of the DuBois nomogram. In every subject, the body weight was within 25% of the desirable weight for height as defined by Metropolitan Life Insurance Company statistical tables.
Echocardiographic Techniques
Echocardiograms were obtained using either an Ekoline 20A or a Hoffrel 201 ultrasound receiver interfaced with a Honeywell 1856 Line Scan Recorder. A 2.25 MHz, 1.25 cm diameter Aerotech ultrasound transducer was used in the young adults and older children, a 3.5 MHz, 1.25 cm diameter transducer was used in the younger children, and a 5.0 MHz, 0.6 cm diameter transducer was employed to study the infants.
The transverse dimensions of the left ventricle at end diastole and at end systole were obtained with the ultrasound beam passing through the left ventricle slightly below the tips of the mitral valve leaflets.' The end-diastolic and end-systolic transverse dimensions were taken as the maximum and minimum transverse dimensions, respectively ( fig. 1 ). Three consecutive measurements were made and averaged. Measurements of septal and posterobasal free wall thicknesses in late diastole (ust prior to the thinning of the walls) and at end systole were obtained with the ultrasound beam passing through the left ventricle at the tip of the mitral valve and also slightly caudal to this position." A switched-gain circuit was used to simplify measurement of posterobasal free wall thickness." When the switched-gain circuit was activated, it was usually possible to adjust the gain until two distinct parallel lines were seen at the epicardial-lung interface. The closing velocity of the anterior leaflet of the mitral valve in early diastole (E-F slope) was measured with the ultrasound signal being reflected from the tip of the mitral leaflets. Three consecutive heart beats were measured from the portion of the record in which both anterior and posterior mitral leaflets were seen and the excursion of anterior mitral leaflet was maximal. The slope between the E and F point (and not F0)' was used in this study.
In addition to these measurements, we also measured cardiac dimensions using a variety of methods previously described or suggested. Left ventricular transverse dimension and ventricular septal and posterobasal free wall thicknesses were measured at end diastole at the peak of the R wave and left ventricular transverse dimension measured alone at the onset of the Q wave in 77 The transverse dimension of the left ventricle at end diastole (maximum distance between septum and posterobasal free wall) is plotted in figure 3 suggested that it had the shape of a cube root function. In order to test this hypothesis, the logarithm of left ventricular end-diastolic dimension was plotted versus the logarithm of body surface area. The slope of this regression was found to be 0.40. This value was between the slope of a cube root function (0.33) and the slope of a square root function (0.50). Therefore, left ventricular end-diastolic dimension was analyzed by computing the residual sum of squares"6 for both the cube root and the square root of the body surface areas. In this example, the cube root function produced the smallest residual sum of squares (table 1) and, therefore, left ventricular end-diastolic dimension was plotted versus the cube root of body surface area in figure 4 .
A similar analysis was also performed for the other echocardiographic parameters ( 32% measurement of body surface area. As a result of these relations, we have plotted the figures in this paper so that the vertical axis will display the echocardiographic parameter on an arithmetic scale. The horizontal axis will be arranged according to the function of the body surface area that produced the better fit with the particular echocardiographic parameter (figs. [4] [5] [6] [7] [8] [9] [10] [11] . Graphical inspection of the data also indicated that the variability (i.e., standard deviation) of many of the echocardiographic measurements was less at the lower body surface areas than at the higher body surface areas. This suggested that the standard deviation of our data might be proportional to the mean value rather than being constant. In order to determine if this was so, the data were analyzed using two different assumptions: a) the standard deviation was constant at all average levels of the measurement and b) the standard deviation was proportional to the mean value of the measurement. The appropriate assumption of variability was determined for each parameter by identifying which assumption produced a regression model giving best fit to the data, i.e., which assumption minimized the quantity (-2 times the logarithm of the likelihood function) (table 1). 16 Except for the mitral E-F slope all parameters were found to be best fit by the assumption that the standard deviation was proportional to the mean value of the measurement (left ventricular free wall thickness in late diastole was equally well fit by either assumption). As a result of this analysis, the prediction intervalsi6 for 95% of normal values that were determined for each variable were computed using the proportional assumption. These prediction intervals are shown on each figure as dotted or dashed lines that diverge from each other as body surface area increases. In the derived parameters that are independent of body surface area, a constant 95% prediction interval was used.
Data Relations
In five of the 10 parameters indicated in table 1, the regression equations determined in the male subjects had similar slopes but statistically greater (P < 0.05) yintercepts than the female subjects. In three of the four derived parameters of left ventricular function (ejection fraction, fractional shortening percentage and percent thickening of left ventricular free wall), the female subjects had statistically greater (P < 0.05) values than the male subjects. However, since the absolute magnitude of the differences was small (i.e., < 6%), the data from males and females were combined. Although the number of subjects is small, no differences were noted when blacks or Orientals were compared with Caucasian subjects. The data obtained using other described or suggested techniques (e.g., left ventricular end-diastolic dimension at peak of R wave) were also analyzed (table 3 ) and compared to the data plotted in figures 4-1 1. The percentage difference between the data obtained using our method and that obtained using these alternate measurement methods was computed. In each instance, the percentage difference was approximately the same in subjects with smaller body surface areas compared to subjects with larger body areas. As a result, the numbers shown in figure (in this instance fig. 8 Because of the obvious importance of how the echocardiographic measurements were made and because standards for measurement have not yet been agreed upon, we decided to use a variety of described or suggested methods to measure the echocardiographic parameters. Although the data plotted in figures [4] [5] [6] [7] [8] [9] [10] [11] were derived using the methods we prefer to use, the data given in table 3 can be used to derive (from our data graphs or regression equations) the corresponding normal values obtained using these other measurement methods. Examination of these correction factors emphasizes that rather large differences in normal values can result when data obtained using different measurement methods are compared. For example, aortic root dimensions obtained in the undamped portion of the record from outer to outer aortic wall are approximately 25% greater than values obtained from the inner to inner aortic wall.
Regardless of the method used, it appears useful to consider the data in relation to the various root functions of the body surface area. Using this approach, linear regression equations can be written which simplify computation when determining normal values for a specific body surface area. The specific relation to body surface area was determined by identifying the function that produced the best fit to the data. In some instances (e.g., left ventricular dimension at end diastole), the cube root function clearly produced a better fit than the square root function ( fig. 3) , the newborn infant data appear consistent with the overall shape of the curve. However, plotting these data as a function of the cube root of the body surface area (fig. 4) M-MODE ECHOCARDIOGRAPHY is useful in evaluating the child with heart disease. It allows the anatomic relationships of chambers, great vessels, and valves to be assessed, and allows wall thickness, cavity dimensions, great vessel diameters, and atrioventricular valve excursions to be measured. These measurements, when compared to normal data, can be used quantitatively to make judgments about normality. Several studies already provide such normal values for neonates" 2 and adults,3' but there is only one study providing "normal" values of echocardiographic dimensions in the growing child with respect to body 'surface area;' this study has therefore become the standard.3 6, The range of suggested normal limits in that study is narrow, and many of the children without significant heart disease whom we examined had echocardiographic measurements outside of these previously established limits. We therefore reviewed the echocardiographic records of 93 children and adolescents without heart disease examined at the University of California during the past two years in order to re-evaluate the limits of normality.
tolerance limits for the data were calculated. The tolerance lines of the data were wider than previously recorded. At birth and maturity they were similar to the range defined as normal by studies in Tieonates and adults. We suggest that the tolerance lines of these normal data may be used for quantitative echocardiography in childhood.
Method
The echocardiograms of 93 children and adolescents, age one day to 18 years, were used in this study. These subjects were thought by two pediatric cardiologists to be free of any significant heart disease. Most were outpatients referred for evaluation of a heart murmur which was found to be innocent on clinical, electrocardiographic, and radiologic grounds. The others, especially newborns, were inpatients in whom cardiac evaluation and follow-up failed to detect any heart disease.
The patients were examined in the supine position with slight left shoulder recumbency. The tracings were obtained with commercial M-mode echocardiographs and strip chart recorders. Appropriate transducers (2.25, 3.5, 5, and 7.5 MHz) were used to define cardiac structures. The echocardiograms were obtained from standard precordial positions. 6' 8, 9 Right ventricular anterior wall thickness (RVAWD), left ventricular posterior wall thickness (LVPWD), right and left ventricular cavity diastolic dimensions (RVDD and LVEDD), interventricular septal thickness (SEPT D), and mitral valve excursion (MVDE) were measured at the level of the posterior mitral leaflet at end-diastole, defined by the peak of the R wave on the ECG ( fig. I a and b) . Left ventricular end-systolic dimension was measured at the peak upward motion of the posterior left ventricular endocardium. The right ventricular anterior wall thickness was obtained by
